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ABSTRACT 


Harmonics and grid synchronization are one of the major problems faced 
when dealing with a single-phase system. The development of technology in 
the PV system makes the consumer to use it in a wide range. The power 
transferred from PV to grid needs DC to AC conversion process which is 
done by static devices operating with the higher frequencies that causes the 
harmonics in the grid connected system. The main aim of the paper is to 
implement grid synchronization and reduce total harmonic distortion in a 
single-phase grid connected system. The design of LCL filter is addressed in 
this paper which depends on current ripple, filter size and switching ripple 
attenuation. In order to account the harmonic content, the FFT analysis is 
made both in analysis and Matlab Simulink. The Proportional Resonant (PR) 
controller is developed and work along with LCL filter for reducing the 
harmonic content. The stability of the system with PR is analyzed using root 
locus and bode plots and results are compared with PI controls. The result 
shows that PR controller performs better compared to the PI controller for 
reducing the harmonic content present in the single-phase system and for 


improving the system stability. 
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1. INTRODUCTION 

In the recent energy trends, there is a tremendous increase in the demand for renewable energy. 
Solar being the most abundant source, Photovoltaic systems can be used as a replacement for conventional 
energy sources. To Study the characteristics and to adjust the parameters of PV system, it must be modelled 
properly before connecting to the network. The author presents a method to model a solar cell using 
equivalent circuit of solar cell. This model for PV system has been developed based on a mathematical 
equation that shows the variation of output of the solar cell with varying temperature, irradiation, series 
resistance and shunt resistance [1-3]. The major disadvantage of solar energy is the low usable energy as 
the output, which can be overcome by using a Maximum Power Point Tracking (MPPT) technique. Many 
MPPT techniques has been developed in the recent years among which the most commonly used MPPT 
technique is Perturb and Observe method because of its ease for implementation [4-6]. The ANN based 
controllers with HILL climbing algorithm reaches the maximum power point in a fast manner and increase 
the output of the PV. Based on the values of solar insolation and temperature, the output of reference voltage 
has been determined by ANN and the output of the controller is further optimized by HILL climbing 
algorithm [7]. The development of modern controllers increases the output of PV system effectively 
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irrespective of climatic condition. The Sliding Mode Controller (SMC) is best suited for sliding surfaces of 
maximum power point tracking (MPPT) of photovoltaic (PV) panel using a buck converter. The input to 
the sliding mode controller is given by voltage reference estimator which estimate the reference voltage 
under constant irradiation. Under partial shadow condition a partial shadow algorithm is used to effectively 
track maximum power [8, 9]. The solar power has been transmitted to the grid through by power converters 
and these power converters consist of a single-phase Voltage Source Inverter (VSI) with L filter operated at 
high switching frequency to reduce harmonics. However, with the use of an LCL filter, the total harmonics 
can be reduced to fit in the acceptable range (3-6% for PR controller). The Phase locked loop (PLL) has been 
employed to map out the phase of an output signal to the phase of the input signal. The voltage and current 
derived from grid fed to PLL which controls the switching logic of the inverter through SPWM to get a 
synchronized voltage. Different types of PLL configuration and their functionality has been discussed in [10, 
11]. Ref. [12] provides an apprach for modelling and design of Synchronous Reference Frame Phase-Locked 
Loop (SRF PLL). Different control techniques have been adopted to the intermediate DC/DC buck converter 
interfaces the PV source and the DC-AC inverter. The control of single-phase current source inverter-based 
grid tie photovoltaic (PV) system has been addressed in [13]. A current control technique for a single-phase 
grid connected DC/AC inverter which is used in Photovoltaic power conditioning system has been presented 
in [14]. The single-phase sinusoidal pulse width modulated (SPWM) inverter control with modified unipolar 
switching is presented in [15, 16]. The d-q theory has been utilized for calculation current reference of 
the parallel inverter to control the active and reactive power of distributed sources in the micro grid [17, 18]. 
Due to the simple design and excellent reference tracking capability of the PR controller makes the controller 
used in the wide range of applications [19-23]. In this paper, a performance analysis of a single-phase grid 
connected PV system with a Proportional Resonant (PR) controller is presented. This analysis includes a 
model with a single level VSI connected to the LCL filter to reduce the harmonic content and this level is 
reduced further by using a PR controller, which works based on the error signal derived between grid and PV 
system. This work carried out on a single phase 220V, 50Hz system with PV system to validate the potency 
of PR controller on harmonic reduction and the PLL techniques ensures successful grid synchronization for 
the practical applications. 


2. PROPOSED MODEL 

The implementation of Renewable energy sources like Solar, Wind and Fuel cells in the network 
needs AC to DC and DC to AC conversion process. The static switchs operating with higher frequency are 
involved in this conversion process which induces harmonics in the system. The Alternating signals contain 
harmonics, which are harmful for the network as they cause a spike in Zero Sequence Current, especially 
third harmonics. Hence, it is necessary to eliminate Total Harmonics Distortions to an acceptable level, as 
prescribed by IEC-61642 to be within 3-6%. When injecting single phase power to the grid, the frequency 
and phase of the network signal matches with the grid. In order to achieve synchronization, the phase of 
the grid must be derived, which is done using a Phase Locked Loop. In this paper, a Second Order 
Generalized Integral (SOGI)-PLL has been used for grid synchronization which serves as Quadrature Signal 
Generator. Low pass filter and frequency phase shift generator are other components of SOGI-PLL which are 
used to enhance the performance of multiplier-based phase detector. The first order Low pass filter eliminates 
the high frequency parts from Phase detector output. A Voltage Controlled Oscillator is used to shift 
the frequency of the output signal based on a reference frequency œ.. The output of the Phase detector gives 
the phase angle difference between PLL oscillator voltage and input (reference) voltage. Figure 1 shows 
the fuctional diagram of an electrical network with PR controller used for reduction in harmonics and grid 
synchronisation. A DC link voltage is used as a voltage source for the inverter and maintained at 400V. An 
H-bridge Inverter consists of 4 - MosFet switches which generate a distorted sinusoidal output of about 
310V, with ripples and distortions. This distorted signal has been supplied through a LCL filter to smoothen 
the curve, reduce the distortions. Voltage is derived from the grid and supplied to the PLL to obtain phase of 
the grid 0. Meanwhile, grid signals (Vgrid, Igrid) are tapped and transformed to a-B form. An error signal has 
been generated by comparing Vegrid with the desired value of voltage (Vref = 310V). This error signal is fed 
to a PR controller which produces resonant high frequency damping, eliminating harmonics distortions. With 
the help of the controller output the switching logic of the Inverter is controlled, based on SPWM technique. 
Therefore, synchronisation of the grid is achieved with reduced harmonics. 
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Figure 1. Proposed Model- Single Phase Grid Connected System with PR Controller 


3. DESIGN OF LCL FILTERVFOR VSI OUTPUT SMOOTHING 

VSIs are widely used for the generation of alternating voltage or current (from a DC input) in high 
and medium power industries. A single-phase full bridge Voltage Source Inverter uses 4 switches to obtain 
an alternating output. These switches are power electronic devices such as MosFet, IGBTs, which is 
preferred over other devices because of its ease for control. The switches operate alternatively to conduct bi- 
directional current and produce a sinusoidal output. In order to obtain the switching logic of the inverter 
switches, a Sinusoidal Pulse Width Modulation technique (SPWM) has been used. In SPWM technique, 
the Signal Modulation Wave is compared to a high frequency carrier wave of known peak. When 
the frequency of the carrier wave is greater than that of the modulation wave, a positive DC up rail is 
obtained and vice-versa. Due to the comparison of high frequency wave with a lower frequency one, some 
components of the higher frequency wave get added which gives rise to harmonics in the network. In order to 
remove the unwanted distortions, the signal is applied to a LCL Filter which is designed according to current 
ripple, filter size and switching ripple attenuation, to reduce the harmonics. LCL filter act as inferface 
between the PV system to the utility grid for rdecing the horminic content and improve the power quality 
which has been injected to the grid. The design of LCL filter already discussed in [24-26]. The same design 
procdure has been used here to calculate the nominal values of LCL filter. The value of inverter side 
inductor, Lis calculated using (1), where, m.f denotes the inverter modulation factor for SPWM inverter 
and V;,, stands for inverter output voltage. 


Ly = GEA- m. fm. few (1) 


Maximum ripple occurs at maximum peak to peak current (2) for a modulation factor of 0.5. 





Vin 
Alu 7 Siswht (2) 
Hi -~ 6fswAlm (3) 


Where A/m denotes maximum current through inductor. Therefore, for Vin= 400V, the inductor 
value is calculated as 2.93mH (3). The value of maximum current is obtained using. (4). 


Im = (4) 


EN 


For a 10% ripple AI, becomes 0.1Im which is calculated from the values of nominal power, Py and 
R.M.S voltage, En. The value of base impedance, Zz, is calculated using (5). 
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E2 
Zp = T (5) 
The value of base capacitance (7) is used to derive capacitor filter for 5% maximum power variation 
using (6). 


cf = 0.05 cp (6) 
1 

D 27*50*Zp () 

By allowing 5% power factor variation the value of filter capacitance, Cr is calculated as 16uF. Now 


considering a 20% attenuation factor the value of grid side inductor, L2 for the desired attenuation factor ka 
and switching frequency wsw 10 KHz is calculated as 9.6 x 10°uH using (8). 





paon (8) 


After performing the calculation, the obtained values for LCL filter connected to the grid are 
enlisted in Table 1. 


Table 1. Values of LCL filter with Grid Parameters 


Grid frequency f; 50 Hz 
PWM carrier frequency fiw 10 KHz 
Nominal power Py 5Kw 
Phase grid voltage Ve 220 v 
DC link Voltage Vin 400 v 
Inverter side inductor Lı 2.98 mH 
Grid side inductor L, 9.6*10° uH 
Capacitor filter Cr 16 uF 


4. CONTROL STRUCTURE FOR PR CONTROLLER 

In order to achieve grid synchronisation, the phase angle of the grid must be obtained. Thus, a phase 
locked loop (PLL) technique has been implemented with a finite d-q transformation technique for the single- 
phase grid voltage. Figure 2 shows the control structure PR controller is designed for current control. The DC 
link voltage (Vd)is compared with a reference voltage (Vref) of 310V and is then fed to a PI Controller. 
The PI controller generates an error signal which is compared to the quadrature Current obtained from the 
grid (Iq) and fed to the PR controller. PR with harmonic compensators function to reject the 3rd, 5th and 7th 
harmonics. The output of the PR is compared with the voltage from the grid (Vg) and output of the LCL 
Filter (Ic) to generate E1. Meanwhile, Direct Current (Id) after comparing with a reference current (Iref=0), is 
fed to a PI controller. Thus, both the signals E1 and E2 along with 0 (from PLL) is used to control the PWM 
of the VSI. 






VOLTAGE 
(Va) 


Figure 2. Control structure of the system 


The PR controller consists of a resonant part that provides infinite gain at the AC frequency (wo) 
and no phase shift and gain at other frequencies. Due to these resons the PR controller is used instead of 
the conventional PI controller. The transfer function for the PR controller is defined as: 
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Gpr(S) = kp + ki = (9) 


s*+Wo2 


An ideal PR Controller gives an infinite gain, although its transfer function suffers with stability 
problems (equation.9) which can be avoided by making the PR controller with finite gain shown in (10). 
2WcS 


Gpr(S) = ky + ki = (10) 


l s2+2wcS+Wo2 


To compensate the selective harmonics such as the 3, 5*, and 7" harmonics; several generalised 
integrators are cascaded as shown in Figure 3 and tuned to resonate at a desired frequency. 
The transfer function for harmonic compensators can be written as: 


G(s) = En=357 kin = (11) 
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Figure 3. PR controller with cascaded harmonic compensators 


5. RESULTS AND DISCUSSION 

The main objective of the paper is to reduce the Total Harmonic Distortions that arise as a result of 
High Frequency switching devices like inverters. Although with the use of a LCL Filter the THD has been 
reduced to a certain level, it remained unfit for feeding to the grid, as per international standards. A PR 
controller is preferred over the conventional PI controller due to two major drawbacks of PI. 

— The inability of PI to track a sine wave reference with zero steady-state error. 
— PI has poor disturbance rejection capability. 

In order to reduce the harmonics to an acceptable level, a PR controller with cascaded harmonic 
compensators was designed to eliminate the odd harmonics present in the system. In the Figure 4 
the frequency response of the plant, controller and the overall system has been compared both with PI and PR 
controller. It is observed that, the difference is only at low frequency band for the overall system. By tuning 
the PR controller, the resonant peak occurring in the frequency response can be eliminated, where as in PI 
controller the peak still appears. In case of PR controller, the gain margin can be reduced. Since the PR 
controller has greater magnitude at fundamental frequency, it can track the reference with zero error. 
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Figure 4. Frequency response of (a) PI Controller (b) PR controller 
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Figure 5 (a), (b) shows the root locus were plot of the system with a PR and PI controller, it has 
been observed that the system is fully stable with PR controller as all points in the root locus analysis lied 
between break-in and break-away points along the Y-axis, whereas in case of PI controller, not all the points 
lie between break-in and break-away points which shows that the system is marginally stable with PI 


controller. 
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Figure 5. Stability analysis for (a) PI Controller (b) PR controller 


With reference to the Figure 6. (a) the system is synchronised using a PR controller. Up to 0.04sec, 
the grid is not synchronised because the breaker is off and then the breaker is switched on after 0.05sec which 
makes the synchronisation possible whereas when grid synchronisation is done using PI controller shown in 
Figure 6. (b) the amplitude of both the voltages i.e. the inverter and the grid voltages are not synchronised 
which makes the system with PI controller unstable. 
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Figure 6. Grid synchronisation. (a) PR Controller (b)PI controller 


The Fourier analysis of the system Figure 7. (a) connected with a PR controller is carried out along 
with MATLAB Simulink, and it is found that the Total Harmonics Distortions in the system after excluding 
the odd harmonics was reduced up to 4.66% for voltage and 0.92% for current where as in Figure 7. (b) 
the THD is 6.16% for voltage and 5.76% for current using PI controller. Figure. 7.a shows that PR controller 
gives better performance compared to PI controller and also with the system having LCL filter with out PR 
controller. 
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Selected signal: 10 cycles. FFT window (in red): 3 cycles Selected signal: 250 cycles. FFT window (in red): 3 cycles 
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Figure 7. Current and voltage fourier analysis of system with (a) PR controller and (b) PIcontroller using 
MATLAB 


6. CONCLUSION 

The development of technology, compact in size, reduction of cost and polluction free of PV system 
enables the consumer to use the PV system in a wide range. The power transferred from PV to grid involes 
DC to AC conversion process which is done by static devices. These static devices operating with higher 
frequency which causes the harmonic in the low voltage distribution system. The design of LCL filter has 
been addressed in this paper which depends on current ripple, filter size and switching ripple attenuation. In 
order to account the harmonic content, the FFT analysis has been made analytically and using matlab 
Simulink. Results shows that current harmonic in the range of 6% and voltage harmonic in the range 6.5% 
which is not acceptable according to the international standard. Hence, it has been found that LCL filter alone 
is not sufficient to reduce the harmonic content present in the signal. In order to reduce the harmonic content, 
the PR controller has been developed and work along with LCL filter. To make the PR controller as robust, 
the cascaded harmonic compensator has been developed which reduce the 3rd, 5th, 7th harmonic at the great 
extent. The stability of the system with PR has been analysied using root locus and bode plots and results has 
been compared with PI controller. The results show that PR controller reduce the voltage harmoic to 4.66% 
and current harmonic to 0.92% which less than compared to PI controller. 
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